The T-cell antigen receptor (TCR) recognizes peptides bound to the major histocompatibility complex (MHC) molecules. Such an interaction initiates a cascade of biochemical events involving protein tyrosine kinases. Recent biochemical and genetic evidence has established the importance of nonreceptor tyrosine kinases such as Lck, Fyn, and Zap70 in TCR signal transduction (38) . A newly identified nonreceptor tyrosine kinase, Itk (interleukin-2-inducible T-cell kinase), has been shown to be phosphorylated after TCR stimulation (1) . Itk is homologous to the Bruton's tyrosine kinase (Btk) expressed in B cells. Mutations in Btk are associated with Xlinked agammaglobulinemia in humans and with X-linked immunodeficiency (xid) in mice (34, 36) . In both cases, the defect is restricted to the B-cell lineage. Most X-linked agammaglobulinemia patients have few or no mature B cells, whereas mice with the xid mutation or with a null allele of Btk generated by gene targeting display a reduced number of mature B cells of 50% of the normal level (17, 18) . These mature B cells are also impaired in responding to surface immunoglobulin (Ig) stimulation (18) . Itk is specifically expressed in T cells and mast cells (10, 12, 13, 25, 33, 39) . Recently, mice defective for Itk expression have been generated by gene targeting (24) . Similar to xid mice with B-cell defects or mice with a targeted deletion of the Btk gene, Itk-deficient mice had reduced numbers of T cells, especially CD4 ϩ T cells. Mature T cells in Itk-deficient mice were hyporesponsive to cross-linking of the TCR complex. Study of T-cell maturation using TCR transgenic mice in the Itk-deficient background demonstrates that Itk plays an important role in the positive selection of thymocytes (24) . In the Jurkat T-cell line, Itk has also been shown to be associated with CD28, a T-cell surface molecule crucial for providing a costimulatory signal for T-cell activation (1, 14) . Upon crosslinking of CD28, Itk is tyrosine phosphorylated and the kinase activity of Itk is also increased (1) . Furthermore, a recent study using an Lck-deficient Jurkat T-cell line suggests that Itk activation after CD28 cross-linking is dependent on Lck (11) .
T lymphocytes play an important role in the battle with viruses. Engagement of the TCR, activation of the CD28 costimulatory molecule, and production of cytokines all contribute to immunity against viruses. The role of each of these T-cell effector functions varies with the virus and the host. To assess the responsiveness of Itk-deficient T cells in vivo, we used three different viruses: lymphocytic choriomeningitis virus (LCMV), vaccinia virus (VV), and vesicular stomatitis virus (VSV). LCMV and VV induce strong albeit reduced cytotoxic T-lymphocyte (CTL) responses in the absence of interleukin-2 (IL-2) (6, 9, 19) and CD28 (21) , whereas the weaker VSVspecific response depends to a higher degree on T-cell help (4) and IL-2 (1a) and is completely dependent on CD28-mediated costimulation (21) . After primary infection, LCMV is exclusively eliminated via CD8
ϩ CTLs in a perforin-dependent fashion (15) , whereas protection from VV replication is more complex and involves both CD4 ϩ and CD8 ϩ T cells (8, 15, 16, 20, 29) . Protection from primary VSV infection, on the other hand, is independent of CD8 ϩ T cells but is exclusively mediated by antibody (5, 22) . VSV induces a strong T-cell-independent type I neutralizing IgM response peaking around day 4 which is followed by a T-cell dependent, long-lasting IgG response (2). Although protection from VSV replication can be mediated by the early T-cell-independent IgM antibodies, IgG antibodies seem to be more efficient and the presence of functional T helper cells is therefore beneficial for the survival of infected mice. Infection of Itk-deficient mice with these different viruses revealed a normally responsive B-cell compartment. In contrast, CTL responses were impaired against all three viruses, indicating an in vivo role of Itk for T-but not B-cell responses.
MATERIALS AND METHODS
Mice. The generation of Itk-deficient mice has been described previously (24) . The itk Ϫ/Ϫ mice and their control itk ϩ/Ϫ littermates were of a mixed genetic background (50% C57BL/6, 50% 129/Sv). Mice were maintained under specificpathogen-free conditions.
Detection of LCMV-specific CTL in vitro. Mice were immunized, and 8 days later, spleen cell suspensions were prepared and tested directly in a 51 Cr release, using peptide (derived from the LCMV glycoprotein, amino acids 33 to 42) GP33 (27)-labeled EL-4 cells as target cells. Alternatively, cells were restimulated for 5 days with peptide GP33-labeled, irradiated (25 Gy) spleen cells (10 6 cells/well) at a density of 4 ϫ 10 6 spleen cells in 2 ml of Iscove modified Dulbecco medium supplemented with 10% fetal calf serum. Restimulated spleen cells were resuspended in 0.5 ml of medium per culture well, and serial threefold dilutions of effectors were performed (referred to as dilution of standard culture) and tested in a conventional 51 Cr release assay, using GP33-labeled EL-4 cells as targets. Detection of VV-specific CTL in vitro. Mice were immunized, and 6 days later, spleen cell suspensions were prepared and tested directly in a 51 Cr release assay, using VV-infected MC57G cells as targets.
Detection of VSV-specific CTL in vitro. Mice were infected with VSV (2 ϫ 10 6 PFU), and spleens were removed 6 days later and tested directly in a 51 Cr release assay, using peptide (derived from the VSV nucleoprotein, amino acids 49 to 62, the major CTL target in H-2 b [28, 35] )-pulsed EL-4 cells as target cells. Serum neutralization test. Serum samples were collected from mice at specific time points after VSV infection. The sera were prediluted 40-fold in minimal essential medium containing 5% fetal calf serum and then heat inactivated for 30 min at 56°C. Serial twofold dilutions were mixed with equal volumes of VSV diluted to contain 500 PFU/ml. The mixture was incubated for 90 min at 37°C in an atmosphere with 5% CO 2 . Then 100 l of the serum-virus mixture was transferred onto Vero cell monolayers in 96-well plates and incubated for 1 h at 37°C. The monolayers were then overlaid with 100 l of Dulbecco modified Eagle medium containing 1% methylcellulose. After incubation for 24 h at 37°C, the overlay was flicked off and the monolayer was fixed and stained with 0.5% crystal violet. The highest dilution of serum that reduced the number of plaques by 50% was taken as the titer. Due to the addition of an equal volume of virus, the titer of serum was considered to be one step higher. To determine IgG titers, undiluted serum was pretreated with an equal volume of 0.1 mM 2-mercaptoethanol in saline (30) .
Enzyme-linked immunosorbent assay (ELISA). Ninety-six-well plates (Petra Plastic, Chur, Switzerland) were incubated with recombinant VSV nucleoprotein (0.1 g/well) in 0.1 M NaH 2 PO 4 (pH 9.6) at 4°C. Plates were then blocked with 2% bovine serum albumin in phosphate-buffered saline for 2 h and washed; and serial dilutions of serum samples were added to the wells and then the plates were incubated for 1 h. Plates were washed and incubated with goat anti-mouse IgG (Sigma). After 1 h, plates were washed and developed with ABTS (5 mg of 2,2Ј-azino-di-3-ethyl-benzthiazolinesulfonate and 20 l of H 2 O 2 in 50 ml of NaHCO 3 [pH 4.0]). Optical density was determined at 405 nm.
RESULTS
LCMV-specific CTL responses. Itk-deficient and control littermates were immunized with 200 PFU of LCMV strain WE. Eight days later, at the peak of the response, spleen cells were isolated and tested on EL-4 cells pulsed with peptide GP33, the major CTL epitope of LCMV in the H-2 b haplotype (27) . CTL responses were slightly but consistently reduced in the absence of Itk (Fig. 1) . Calculation of lytic units indicated that the response was reduced by a factor of about 2 ( Table 1) . Injection of LCMV into the footpads of mice leads to a local footpad swelling that is initially exclusively mediated by CD8 ϩ T cells (26) . The amount of footpad swelling is therefore an additional readout for the induction of LCMV-specific CTLs. Mice were immunized in the footpads with 200 PFU of LCMV strain WE, and footpad swelling was monitored daily. Itkdeficient mice always developed the footpad swelling with a delay of 1 day, confirming the reduced CTL response observed in the 51 Cr release assay (Fig. 2) . IL-2-deficient mice mount three-to ninefold-reduced but still efficient primary LCMV-specific CTL responses. In contrast, IL-2-deficient splenocytes fail to lyse target cells after 5 days of in vitro stimulation unless exogenous IL-2 is added (6, 9, 19) . To determine whether Itk-deficient mice might exhibit a similar phenotype, spleen cells from LCMV-infected mice were restimulated with GP33 for 5 days. In contrast to a lack of IL-2, absence of Itk did not prevent in vitro restimulation of CTLs (Fig. 3) . However, as observed in the primary assay, CTL responses were considerably reduced (Fig. 3) . Addition of concanavalin A (ConA) supernatant completely overcame this reduction, and addition of IL-2 (50 U/ml) partly overcame it (Fig. 3) .
VV-specific CTL responses. Mice were immunized with 2 ϫ 10 6 PFU of VV strain WR, and lytic activity of splenocytes was tested 6 days later on VV-infected MC57G cells. As observed for LCMV, CTL responses were reduced about twofold in the absence of Itk (Fig. 4; Table 1 ). After in vitro restimulation for 5 days with VV-infected spleen cells, CTL activity in the absence of Itk was still reduced but clearly above the background level. If ConA supernatant was added during the in vitro cultivation, CTL activities of Itk and control splenocytes were comparable, while IL-2 had an intermediate effect (not shown).
VSV-specific CTL and antibody responses. VSV is a poorly virulent virus in mice and does not measurably replicate extraneuronally. Only if it reaches the central nervous system does it induce a lethal encephalitis (37) . Probably due to this low virulence, VSV-specific CTL responses are most dependent on the presence of IL-2, T helper cells, and CD28. In fact, no a Mean values for six (LCMV and VV) or four (VSV) mice are given. All three differences between Itk-deficient and control mice were statistically significant (P Ͻ 0.05; Student's t test). Lytic units (LU) were calculated for 30% specific lysis.
response could be observed in CD28-deficient mice (21) . Itkdeficient and control mice were immunized with 2 ϫ 10 6 PFU of VSV serotype Indiana, and 6 days later, spleen cells were tested in a 51 Cr release assay. The reduction of CTL responses was about sixfold with this virus in the absence of Itk ( Fig. 5 ; Table 1 ). This reduction was also observed after in vitro restimulation (not shown). As observed for LCMV and VV, recombinant IL-2 partly restored the response and ConA supernatant fully restored it (not shown).
In a separate experiment, mice were immunized with 2 ϫ 10 6 PFU of VSV, and neutralizing antibody titers in sera were determined at the indicated time points. Both the T-cell-independent IgM and T-cell-dependent IgG responses were comparable in Itk-deficient and control mice at all time points (Fig.  6 ). The glycoprotein of VSV is highly repetitive in the viral envelope and therefore strongly immunogenic (3). To assess the B-cell response against a less repetitive protein, an ELISA specific for the nucleoprotein of VSV was performed. As found for the neutralizing response, Itk-deficient mice mounted a normal VSV nucleoprotein-specific response (Fig. 6) .
Antiviral protection. The three viruses tested in this study differ with respect to how they are eliminated from the host after primary infection. Whereas LCMV is controlled via CTLs, VV replication is inhibited by both CD4 ϩ and CD8 ϩ T cells and VSV is exclusively eliminated by antibodies (5, 8, 15, 16, 20, 22, 29) . Itk-deficient mice were completely resistant against VSV infection, and no symptoms of encephalitis developed. This is readily explained by the normal antiviral B cell response in these mice. Although the LCMV-specific CTL response was reduced in the absence of Itk, virus was completely eliminated by day 8 after infection, indicating that the diminished CTL response was still protective (not shown). In contrast, the protective VV-specific immune response was more seriously impaired, and viral titers were clearly elevated in Itk-deficient mice 6 days after infection (Fig. 7) . Since Itk is expressed only in T cells, these results indicate that the virus was cleared with delayed kinetics due to the impaired T-cell response in the absence of Itk. This interpretation is supported by the finding that the LCMV-induced CD8 ϩ T-cell-mediated footpad swelling was delayed by 1 day (Fig. 2) .
DISCUSSION
This study analyzed antiviral CTL and B-cell responses in Itk-deficient mice. While normal B-cell responses were mounted, CTL responses were, depending on the virus used for immunization, reduced by a factor of 2 to 6. This study provides the first evidence indicating that function of CD8 ϩ T cells in Itk-deficient mice is impaired.
Itk is expressed in T cells, mast cells, and human but not mouse natural killer cells (10, 12, 13, 33, 39) . Itk-deficient mice have a perturbed T-cell development and exhibit reduced numbers of peripheral T cells (24) . The reduction in numbers of mature T cells was mainly caused by a reduction in the numbers of CD4 ϩ T cells to about 50% of the normal level. The numbers of CD8 ϩ T cells in Itk-deficient mice, on the average, are not significantly different from those in control itk ϩ/Ϫ or itk ϩ/ϩ mice (24) . In assays using purified CD4 ϩ T cells from Itk-deficient mice and control littermates, reduced proliferative responses to allogeneic MHC stimulation and to anti-TCR cross-linking were found in the absence of Itk (24) . Although T cells from Itk-deficient mice also showed reduced proliferative responses to certain differences in MHC class I molecules (22a), the function of CD8 ϩ T cells in Itk-deficient mice has not been studied in great detail. The present study used three viruses to address the antiviral effector functions in Itk-deficient mice. Of the three viruses used, LCMV and VV can induce an efficient CTL response in the absence of T helper cells (4). Our results suggest an inherent defect of CD8 ϩ T cells of Itk-deficient mice in antiviral function.
We do not believe that the reduced numbers of mature T cells in Itk-deficient mice are the explanation for our results. First, numbers of CD8 ϩ T cells generally are not lower in Itk-deficient mice than in control itk ϩ/Ϫ or itk ϩ/ϩ mice. However, a twofold reduction in CTL responses after LCMV and VV infection was observed. Second, the sixfold-reduced CTL response in VSV-infected mice seems difficult to explain in terms of a simple reduction in available T-cell numbers. In addition, after restimulation of cells for 5 days in vitro in bulk cultures, small differences in CTL precursor frequencies before restimulation cannot be detected, in particular-as is the case here-if restimulation is performed early after immunization when CTL precursor frequencies are not limiting. Thus, Itkdeficient CD8
ϩ T cells seem to have an inherent defect. The T-cell defect may be located in the TCR signaling or CD28 costimulatory pathway, and it is difficult at present to distinguish between the two possibilities. However, the observed phenotypes do not resemble the defect in IL-2-deficient mice, where primary responses have been reported to be threefold (6, 19) to ninefold (9) reduced. Importantly, however, and in contrast to Itk-deficient mice, secondary in vitro responses were completely absent (6, 19) . The T-cell defect of CD28-deficient mice is also different (31) , because the mice fail to generate any CTL activity against VSV (21) . Together with the earlier finding that CD28-dependent signals do not seem to be impaired in Itk-deficient mice but in fact are even increased (23), these results suggest that perhaps an altered TCR signaling rather than CD28 costimulatory pathway is responsible for the phenotypes seen with Itk-deficient mice in viral infections. The fact that exogenously applied cytokines could restore in vitro CTL responses to normal levels may also be compatible with the view that TCR-mediated signals are impaired in the absence of Itk. It has been shown earlier for allospecific and more recently for LCMV-specific T-cell responses that in vitro proliferation and induction of lytic activity against low-affinity ligands may depend on the presence of exogenous IL-2 (7, 32). Thus, both in the absence of Itk and upon stimulation with a low-affinity ligand, only a weak signal is generated and the T-cell responses may therefore depend more on the presence of a second signal, e.g., one from IL-2.
Antiviral protection against LCMV and that against VV differed with respect to their dependence on Itk. While Itkdeficient mice apparently normally eliminated LCMV, protection against VV was impaired. This difference cannot be definitively explained. However, it is tempting to speculate that the explanation may lie in how the viruses are eliminated from the host. While LCMV is controlled in a perforin-dependent fashion by CD8 ϩ CTLs, both CD4 ϩ and CD8 ϩ T cells interfere with VV replication (8, 15, 16, 20, 29) . In addition, protection against VV is independent of perforin and is mediated by cytokines (16) . Thus, it may be possible that Itk is important for the generation of the normal cytokine pattern crucial for protection from VV infection while the perforin-mediated arm of antiviral protection is less affected. Taken together, the results of this study reveal impaired CTL responses against three different viruses in the absence of Itk, demonstrating an important, though not essential, role of Itk in antiviral immunity.
